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Relationship between Intrathecal Oxygen Tension and Ultrastructural
Changes in the Spinal Cord During Experimental Aortic Clamping*
L. Christiansson†1, A. Hellberg2, B. A. Svensson1,3, D. Bergqvist2, L. Wiklund1 and S. Karacagil2
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Objectives: to investigate spinal cord ultrastructure related to cerebrospinal fluid (CSF) oxygenation.
Design: experimental aortic occlusion model with intrathecal oxygen tension monitoring.
Materials and methods: two groups of pigs underwent proximal (P) or double (D) aortic occlusion for 30 min
followed by 1 h of reperfusion. In a third group (I) segmental arteries distal to T3 were clamped for 90 min. A thin pO2,
pCO2 and pH sensor was placed intrathecally for continuous monitoring of CSF. Spinal cord segments were studied by
electron microscopy (EM).
Results: in group P, CSF-pO2 rapidly decreased during clamping and major changes in pH and pCO2 were seen. EM
demonstrated neuronal degeneration with loss of cellular integrity and severe affection of organelles. In the group D,
CSF oxygenation decreased to about half, but with only moderate changes in the metabolic parameters. Group I showed
no significant changes in CSF measurements. The latter groups were similar at EM, showing only mild mitochondrial
changes.
Conclusions: the level of CSF oxygenation during aortic cross-clamping or segmental artery interruption seems to
correlate with ultrastructural changes in the spinal cord. This online intrathecal monitoring technique may provide
valuable information on spinal cord circulation during thoracoabdominal aortic surgery.
Key Words: Aortic clamping; Peroperative spinal ischaemia detection; Intrathecal oxygen tension; Spinal cord
ultrastructure.
Introduction Materials and Methods
Spinal cord ischaemia resulting in paraplegia remains The experiments were performed in four male and six
one of the most devastating complications of thoraco- female native piglets with a mean weight of 22.1–s.d.
abdominal aortic surgery. The role of various ad- 2.7 kg. All animals were treated in compliance with the
junctive measures in the prevention of spinal cord “Guiding Principles in the Care and Use of Animals”
ischaemic injury is still controversial, as are methods approved by the Council of The American Physio-
for monitoring spinal cord function during aortic cross- logical Society (Guide for the Care and Use of Laborat-
clamping. Reliable and reproducible animal models ory Animals, 7th Ed, Washington, DC: Natl. Acad.
are needed for better understanding of the patho- Press, 1996). The experiments conformed to the na-
physiology and for validation of new monitoring tional guidelines for animal care and were approved by
methods of spinal cord function. Our group has re- the Institutional Animal Care and Ethics Committee.
cently described the use of a multiparameter sensor, After intramuscular anaesthesia induction with
for continuous monitoring of cerebrospinal fluid (CSF) tiletamin 3 mg/kg+zolazepam 3 mg/kg (ZoletilÌ 100,
oxygenation during thoracic aortic clamping in pigs.1 Reading, France), xylazin 2.2 mg/kg (RompunÌ, Bayer,
The method was validated against epidural laser-Dop- Germany) and atropine sulphate 0.04 mg/kg, the an-
pler flowmetry. The aim of the present study was to imals were placed in a dorsal recumbent position. An
further validate the method and its biological sig- intravenous line was inserted and 20 mg of morphine
nificance by analysing ultrastructural changes in the administered prior to tracheotomy. A Siemens 900 C
spinal cord with electron microscopy. ventilator (Siemens-Elema, Sweden) was connected
and the pigs were ventilated with a tidal volume of
* Presented at the XIII Annual Meeting of the ESVS, Copenhagen approximately 10 ml/kg at an appropriate respiratory
1999. rate of 25 per minute for normocarbia (PaCO2† Please address all correspondence to: L. Christiansson, Department
of Anaesthesiology, University Hospital, Uppsala S-751 85, Sweden. 5.0–5.6 kPa) at baseline conditions. FIO2 was set at 0.4
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Table 1. Intrathecal data.
Measuring point Paratrend
Baseline pH pCO2* pO2*
P-group
Mean (s.d.) 7.30 (0.02) 7.4 (0.5) 5.3 (0.4)
D-group
Mean (s.d.) 7.29 (0.02) 7.5 (0.5) 5.3 (0.2)
I-group
Mean (s.d.) 7.25 (0.05) 7.2 (1.0) 6.9 (0.9)
30 min
P-group
Mean (s.d.) 6.80 (0.09) 17.6 (2.5) 0 (0)
(a)
D-group
Mean (s.d.) 7.23 (0.09) 8.1 (1.5) 2.6 (1.7)
I-group
Mean (s.d.) 7.25 (0.06) 7.3 (1.1) 7.2 (1.6)
60 min
P-group
Mean (s.d.) 7.17 (0.06) 7.8 (1.4) 6.9 (1.6)
D-group
Mean (s.d.) 7.24 (0.04) 7.2 (0.9) 7.8 (1.3)
I-group
Mean (s.d.) 7.26 (0.06) 7.1 (0.9) 8.0 (1.8)
90 min
P-group
Mean (s.d.) 7.22 (0.02) 7.2 (0.8) 5.4 (0.6)
(b)
D-group
Mean (s.d.) 7.23 (0.02) 7.1 (0.6) 6.5 (1.5)
I-group
Mean (s.d.) 7.28 (0.05) 6.8 (0.8) 8.3 (2.7)
s.d.=standard deviation.
* kPa; Conversion factor kPafimmHg=7.5.
according to body weight: ketamin 20 mg/kg/h, mor-
phine 0.48 mg/kg/h and pancuronium bromide
0.24 mg/kg/h. Saline 10 ml/kg/h (mean total
1450 ml–s.d. 212 ml) was infused for basal fluid re-
quirement and peroperative losses during the ex-
periment and normothermia (36.8–37.8 °C) was
maintained by the use of pre-warmed intravenous
(c)
fluids and a thermostatically controlled heating pad.
Fig. 1. (a–c) Paratrend 7Ô registrations; graphic presentation. The mean blood loss during the whole experiment was
Graphs of means and standard deviation are presented for the 180 ml–s.d. 85 ml, i.e. less than 20% of the circulatingintrathecal registration of oxygen tension in the three experimental
blood volume. For volume substitution the animalsgroups. (1a) Group P; (1b) group D; (1c) group I. Conversion factor
kPafimmHg=7.5. received 350–700 ml of Dextran 70 (MacrodexÌ, Phar-
malink, Sweden). After preparation, the haemoglobin
level of 80 g/l at baseline could be kept fairly stableto assure good systemic oxygenation (PaO2 [20 kPa,
SaO2 98–99%) throughout the experiment. A positive in the range of 60–80 g/l throughout the experiments.
During the first minutes after declamping of the aortaend-expiratory pressure of 4 cm H2O was used. An-
aesthesia was supplemented with intravenous pan- the pigs in group P and D were given 200 ml of
tromethamine/bicarbonate buffer (TribonatÌ, Phar-curonium bromide 8 mg followed by a continuous,
triple-drug, anaesthetic infusion of glucose 25 mg/ml macia-Upjohn, Sweden).
Pressure-monitoring catheters were inserted intoat an hourly rate of 4 ml/kg (mean total 391 ml–s.d.
73 ml). The admixtures to this infusion were calculated the right carotid artery and the right femoral artery
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Table 2. Arterial blood-gas data.
Measuring point Parameter
Baseline pH pCO2* pO2*
P-group
Mean (s.d.) 7.42 (0.01) 5.5 (0.2) 27.5 (3.9)
D-group
Mean (s.d.) 7.43 (0.04) 5.4 (0.3) 25.6 (4.3)
I-group
Mean (s.d.) 7.38 (0.08) 5.2 (0.5) 25.3 (5.5)
30 min
P-group
Mean (s.d.) 7.37 (0.01) 4.3 (0.2) 30.6 (1.6)
D-group
Mean (s.d.) 7.49 (0.04) 3.6 (0.4) 30.2 (0.4)
I-group
Mean (s.d.) 7.37 (0.07) 5.3 (0.5) 24.5 (5.3)
60 min
Fig. 2. Paratrend 7Ô registration; online print-out. Trend registration
P-groupof 2 h showing changes in intrathecal pH, pCO2 and pO2 in response
Mean (s.d.) 7.27 (0.09) 6.4 (1.3) 27.9 (0.9)to clamping of the aorta. Fig. 2 shows, in an example of group P,
D-groupthe fast reaction of pO2 and gradual changes of pH and pCO2 in
Mean (s.d.) 7.29 (0.04) 5.4 (0.4) 27.5 (2.3)response to aortic clamping and declamping.
I-groupConversion factor kPafimmHg=7.5.
Mean (s.d.) 7.38 (0.07) 5.2 (0.5) 25.9 (4.8)
without ligation, for recording of the arterial pressure 90 min
proximal and distal to the aortic cross-clamp. The
P-groupobserved reduction of the mean distal arterial pressure
Mean (s.d.) 7.33 (0.05) 5.6 (0.7) 28.6 (0.9)to 10–1 mmHg indicated complete aortic clamping. D-group
A flow-directed Swan–Ganz catheter (Ohmeda 7-F) Mean (s.d.) 7.32 (0.04) 5.2 (0.5) 25.1 (3.9)
I-groupand a separate central venous catheter were inserted
Mean (s.d.) 7.40 (0.06) 5.0 (0.5) 27.3 (4.5)through the right jugular vein for central haemo-
dynamic measurements. All pressures were recorded s.d.=standard deviation.
* kPa; Conversion factor kPafimmHg=7.5.with Ohmeda transducers (Medical Devices Division,
U.S.A.) connected to a Siemens Monitor 1281 (Siemens
Medical Electronics, U.S.A.). A urinary catheter was the intrathecal space. The intrathecal sensor used in
the present study has been designed for intra-arterialinserted transvesically through a small incision for
urine-output monitoring. online blood-gas monitoring and contains two modi-
fied optical fibres for the measurements of pCO2 andFollowing these preparations, a left thoracotomy
was performed through the fourth intercostal space pH, a miniaturised polarographic Clark oxygen elec-
trode and a thermocouple for temperature measure-and the thoracic aorta was isolated distal to the left
subclavian artery. The dissection was extended to the ment (Paratrend 7Ô, Biomedical Sensors Ltd, High
Wycombe, U.K.). The monitor displays online pH,abdominal aorta and the common iliac arteries through
a paramedian incision with retroperitoneal pre- pCO2, pO2 and temperature. Blood-gas samples were
examined in the automated blood-gas analyser ABLparation. Circumferential dissection of the left dia-
phragm was performed. Along the entire aorta all 300 (Radiometer, Copenhagen, Denmark) with the
haemoximeter calibrated for pig haemoglobin.segmental arteries were isolated and dissected for later
interruption with small clamps or sutures. Although After baseline haemodynamic, metabolic, and CSF
(pCO2, pO2 and pH) measurements, the thoracic aortamost of the spinal branches from the aorta originate
from the left side, we searched for and identified a distal to the origin of the subclavian artery was cross-
clamped for 30 min in group P (n=3). In group D (n=small number of right-sided or bilateral arteries. No
thrombus formation was observed during the ex- 3) a second clamp was simultaneously placed just
above the origin of the coeliac trunk. In order toperiments.
A laminectomy was performed at the lower thoracic control proximal hypertension (mean arterial pressure
<130 mmHg) after cross-clamping, a sodium-nitro-level and through an over-needle introducer the multi-
parameter pO2, pCO2 and pH sensor was inserted into prusside infusion (mean total dosage=39 mg) was
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Table 3. Haemodynamic data.
Measuring point Parameter
Baseline C O Pulse MAP* PCWP* MPAP* CVP*
P-group
Mean (s.d.) 3.1 (0.9) 100 (5) 90 (12) 10 (2) 20 (1) 6 (2)
D-group
Mean (s.d.) 4.2 (1.3) 121 (37) 96 (22) 7 (2) 23 (4) 5 (1)
I-group
Mean (s.d.) 4.0 (0.4) 109 (16) 89 (21) 12 (2) 24 (1) 7 (1)
30 min
P-group
Mean (s.d.) 3.9 (0.6) 218 (13) 109 (12) 9 (2) 22 (1) 8 (1)
D-group
Mean (s.d.) 5.3 (0.2) 192 (20) 129 (5) 12 (6) 26 (4) 8 (1)
I-group
Mean (s.d.) 3.5 (0.7) 106 (16) 91 (13) 11 (2) 23 (2) 7 (1)
60 min
P-group
Mean (s.d.) 6.5 (2.1) 188 (26) 74 (6) 10 (3) 29 (2) 8 (2)
D-group
Mean (s.d.) 6.0 (1.4) 187 (6) 70 (7) 8 (2) 27 (4) 6 (2)
I-group
Mean (s.d.) 3.4 (0.6) 102 (12) 92 (10) 14 (2) 24 (1) 7 (0)
90 min
P-group
Mean (s.d.) 6.3 (2.4) 183 (22) 73 (6) 10 (2) 25 (2) 8 (1)
D-group
Mean (s.d.) 5.0 (1.2) 173 (17) 80 (14) 9 (2) 26 (3) 6 (2)
I-group
Mean (s.d.) 3.2 (0.8) 99 (12) 92 (7) 11 (1) 23 (2) 7 (2)
s.d.=standard deviation. *mmHg; Conversion factor mmHgfikPa=0.133. Abbreviations: C O=cardiac output (l/min); MAP=mean
arterial pressure; PCWP=pulmonary capillary wedge pressure; MPAP=mean pulmonary arterial pressure; CVP=central venous pressure.
started for cardiac unloading during clamping. Shortly haemodynamic instability during this latter procedure
in some of the pigs, this sequence was short and thebefore declamping, this infusion was replaced by a
dopamine infusion (mean total dosage=78 mg) for spinal cord could be removed with the heart still
beating and with a measurable blood pressure. Tovasoconstriction and inotropic support (mean arterial
pressure >70 mmHg). In the group I (n=4) the thoraco- further prevent artofacts, 5-mm slices of the excised
segments were immersed without delay in 4% form-abdominal aorta was not clamped but all identifiable
segmental arteries from T4 to the lowest lumbar were aldehyde for at least 14 days. At the end of the ex-
periments, the anaesthetised pigs were given a lethalinterrupted.
Complete recordings were made at the following injection of potassium chloride. The stored spinal cord
specimens were later sectioned (100 lm) with a vi-intervals: (1) baseline, (2) after 30 min (at the end of
the 30-min cross-clamp period in group P and D), (3) bratome, rinsed, postfixed, dehydrated and embedded
in an epoxy resin as earlier described by Svensson etafter 60 min (30 min after declamping in group P and
D) and (4) after 90 min (60 min after declamping in al.2,3 From these preparations, ultrathin sections (500 A˚)
from both the ventral and dorsal horns were usedgroup P and D).
Following the last measurements, the thoracolumbar for transmission electron microscopy examination. By
coding of the preparations, the microscopist waslaminectomy was enlarged and a new one performed
at the cervical level far rostal to the ischaemia risk blinded as to the source of each specimen.
Data are presented as mean–standard deviationzone of cross-clamping. A distal segment of the spinal
cord was excised and the bleeding stopped with a (WinStatÌ Ver 3.1 1995). Due to the limited number of
animals in each group, we refrain from presenting anytamponade. Immediately thereafter a proximal seg-
ment was excised. Despite intense bleeding and statistical calculations. The significance of the within-
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Fig. 3. (a–d) Electron microscopy. Electron micrographs of thoracolumbar spinal cord segments from the three experimental groups
compared to cervical segment for non-ischaemic control. (a) Cervical spinal cord segment from the dorsal horn demonstrating normal
morphology. The axon terminal (arrow) contains rounded vesicles in synaptic contact with a dendrite. ·26 000. (b) Lumbar spinal cord
segment excised from a pig in group P. The mitochondria in the dendrite profiles (single arrow) of the ventral horn demonstrate
degenerated crista membranes and vacuoles. The dendrite membrane is ruptured and the axon terminal in synaptic contact with the
dendrite profile contains no vesicles (double arrow). ·24 500. (c) Lumbar spinal cord segment (dorsal horn) of group D. The membranes
of the dendrite profile and its mitochondria are intact. The crista membranes of the mitochondria demonstrate mild degrees of degeneration
(arrow). ·24 000. (d) Dendrite profiles containing slightly degenerated mitochondria and preserved vesicles of an axon terminal (arrow)
in a lumbar cord segment (ventral horn) of a pig in group I. ·25 000.
group changes in intrathecal pO2 compared to baseline experimental animal of group P (Fig. 2). The mani-
pO2 during clamping is illustrated by the graphs in pulations of the spinal circulation created different
Fig. 1. A cross-tabulation for intrathecal pO2-reduction levels of intrathecal oxygenation. In the proximally
of more than 50% would allow us to compare the clamped animals the ischaemia was complete, and in
impact of clamping between groups. the double-clamped group CSF-pO2 fell to inter-
mediate levels (reduction >50%). The changes in pO2
were very rapid with a response time of less than
3 min. The gradual increase in pCO2 and the decreaseResults
in pH supported the presence of dysoxia in group P.
The mean peak values of 17.6 (2.5) and 6.80 (0.09)Intrathecal pO2, pCO2 and pH measurements at vari-
respectively indicated that an anaerobic threshold wasous stages of the experiments are shown in Table 1
reached, whereas in group D changes in these para-and Fig. 1a–c. These changes are also illustrated by a
2-h trend of the Paratrend registration from one meters were minor. None of these findings could be
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explained by equivalent changes in arterial blood gases control. They explained the mechanism of spinal cord
injury during single proximal thoracic clamping by a(Table 2). In the group I, where only the segmental
arteries were interrupted, no significant changes in the steal mechanism where blood tended to drain away
from the spinal cord rather than supplying it lon-cerebrospinal pO2, pCO2 or pH were observed.
The recordings of systemic haemodynamics dis- gitudinally.
In a dog model of graded spinal cord ischaemia,closed no surprises (Table 3). In groups P and D typical
reactions to clamping were seen, although the increase Ishizaki et al.6 measured intrathecal, epidural and
spinal cord oxygen tension with a mass spectrometerin afterload was attenuated by the use of vasodilator.
Also the hyperdynamic response to declamping was (Physio-ProbeÔ) following laminectomy. They
showed a significant correlation between intrathecalas expected, with a massive systemic vasodilatation
and pulmonary vasoconstriction upon reperfusion. and spinal cord oxygen tension. In a recent study,8
they could successfully identify spinal cord-feedingThe animals in group I remained stable throughout
the experiments. arteries using intrathecal oxygen monitoring. Per-
fusion of these arteries with arterial blood improvedThe ultrastructural analyses are exemplified by one
electron micrograph from each group together with a intrathecal pO2 and spinal-evoked potentials, which
had been significantly depressed by ischaemia. How-reference specimen from the proximal spinal cord (Fig.
3). Electron microscopy (EM) of the cervical segments ever, the pO2 probe used in that study was rigid and
likely to damage the spinal cord during percutaneousrevealed good preservation of neuronal tissue and
myelin sheets (Fig. 3a). The neuronal cell membranes insertion. They suggested that the development of
softer and more flexible catheters was necessary forwere intact and the nuclei were seen in the typical
central position with distinct nucleoli. Mitochondria clinical use.
Our group1 has recently described the new ap-and other organelles were intact, likewise the vesicles
of the boutons. The EM of the thoracolumbar spinal plication of a flexible catheter with a diameter of
0.5 mm (Paratrend 7Ô) for online intrathecal pO2, pCO2cord segments (Fig. 3b) from group P demonstrated
degeneration of neuronal tissue. The cellular integrity and pH monitoring during thoracic aortic clamping
and validated it experimentally against epidural laser-was lost and severe affection of the mitochondria with
degeneration of the normal ultrastructure of the crista Doppler flowmetry. The catheter was also used in one
patient during thoracoabdominal aortic replacement.7membranes was seen. Signs of initial degeneration of
microtubuli, neurofilaments and axon terminals were For further validation, the correlation between CSF
pO2 and ultrastructural changes in the spinal cordalso noted. On the other hand, thoracolumbar spinal
cord specimens of the animals in group D (Fig. 3c) were analysed in this study of an experimental model
with different grades of spinal cord ischaemia.and group I (Fig. 3d) showed much less pronounced
changes of mitochondria compared to group P. The The results of this study demonstrated that single
thoracic aortic cross-clamping in pigs caused a rapidappearance of the axon terminals were normal, and
decrease of intrathecal pO2 to undetectable levels com-they contained adequate numbers of vesicles. In these
pared to around 50% decrease in animals with doubletwo groups cell membranes were intact.
aortic clamping. This difference can be explained by
the prevention of the steal phenomenon through the
Discussion thoracic intercostal arteries after application of the
distal aortic clamp. Moderate decrease of CSF pO2 in
Detailed studies of the pathophysiology of spinal cord this group might be explained by distal aortic steal
ischaemia requires reliable and reproducible ex- through lumbar arteries. Interruption of the segmental
perimental and clinical monitoring techniques. Wa- arteries did not reveal any significant changes of CSF
douh et al.4 directly measured spinal cord surface pO2 oxygenation, possibly due to well-developed collateral
by application of platinum-silver electrodes during circulation from cerebral arteries and the subclavian-
proximal thoracic aortic clamping in pigs. They re- intercostal artery pathway.
ported that the primary cause of spinal cord injury Ultrastructural changes studied by EM revealed sig-
was oxygen deficiency in the area distal to the aortic nificant differences between the proximally clamped
occlusion. In further studies on the mechanism of group and the other groups. Rupture of nuclear or
spinal cord injury, the same group used pressure cytoplasmic membranes and mitochondrial structure,
recordings at various levels in the aorta as well as disappearance of vesicles and vacuolisation clearly
intercostal and lumbar arteries.5 They found that ex- demonstrated loss of cellular integrity of the thora-
clusion of the thoracic aorta by double-clamping re- columbar spinal cord specimens obtained from an-
imals in this group. These severe cellular changes werestored intercostal vascular bed pressure almost to
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interpreted as irreversible. In the other two groups, also offer valuable information for selection of critical
intercostal arteries during thoracic aortic replacementwhere the aorta was double-clamped or only the in-
as well as evaluation of the effects of various adjunctivetercostal arteries interrupted, the changes were mild.
measures aimed to prevent neurologic deficit. TheThey were restricted to varying degrees of de-
results of this study should be interpreted as pre-generation of the crista membranes in mitochondria
liminary, due to the small size of experimental groups.and were probably consistent with reversible isch-
Ongoing experimental and clinical studies will hope-aemic injury.
fully allow further validation of this monitoringThe distinction between reversible and irreversible
method.ischaemic changes in the spinal cord ultrastructure is
of vital interest for the interpretation of the results in
the present study. The majority of previous studies on
aortic occlusion and spinal cord ischaemia were based
on light-microscopy analyses.9 Electron microscopy Acknowledgements
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